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Abstract
Introduction: Cerebroplacental ratio (CPR) and umbilicocerebral ratio (UCR) are 
clinically used as a measure of fetal brain sparing. These are calculated as the ra-
tios between the pulsatility indices (PIs) of middle cerebral (MCA) and umbilical (UA) 
 arteries, and are an indirect representation of the balance between cerebral and pla-
cental perfusion. Volume blood flow (Q)-based ratios, ie Q-CPR or Q-UCR, would di-
rectly reflect the distribution of fetal cardiac output to the placenta and brain. Thus, 
we aimed to determine the development pattern of Q-CPR and Q-UCR during the 
second half of pregnancy, construct reference intervals, and evaluate their associa-
tion with CPR and UCR.
Material and methods: In a longitudinal cohort study of low-risk pregnancies, the 
inner diameter of the fetal superior vena cava (SVC) and umbilical vein (UV) was 
measured and velocity waveforms were obtained from the MCA, UA, UV and SVC 
using ultrasound at approximately 4-weekly intervals from 20 to 41 weeks. The CPR 
was calculated as PIMCA/PIUA and the inverse ratio was the UCR. Cerebral and placen-
tal blood flows were estimated as the product of mean velocity and cross-sectional 
area of the SVC and UV, respectively. Q-CPR was calculated as QSVC/QUV and the 
inverse as the Q-UCR. Gestational age-specific reference intervals were calculated 
and associations between variables were tested using multilevel regression modeling.
Results: Longitudinal reference intervals of Q-CPR and Q-UCR were established 
based on 471 paired measurements of QSVC and QUV obtained serially from 134 sin-
gleton pregnancies. The mean Q-CPR increased from 0.4 to 0.8 during the second 
half of pregnancy and Q-UCR declined from 2.5 to 1.3, while the CPR and UCR had 
U-shaped curves but in opposite directions. No significant correlation was found be-
tween CPR and Q-CPR (R = 0.10; P = .051), or UCR and Q-UCR (R = 0.09; P = .11), 
and the agreement between PI-based and Q-based indices of fetal brain sparing was 
poor.
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1  | INTRODUC TION
Fetal brain is a prioritized organ with autoregulated blood supply 
that maintains a steady delivery of blood, oxygen and metabolic sub-
strates. Under hypoxemic conditions, fetuses increase blood flow 
to the vital organs by redistributing their cardiac output in favor of 
brain, heart and adrenal glands at the expense of lungs, gut and car-
cass.1-4 Impedance is an important mechanism of regulating blood 
flow distribution. Cerebroplacental ratio (CPR) or its inverse umbil-
ico-cerebral ratio (UCR) reflecting the relative balance between cer-
ebral and placental impedances is increasingly used to detect fetal 
brain sparing. In this study, we address the blood flow distribution 
assuming that it will provide additional and more direct information 
of clinical importance.
A naturally low oxygen level in the intrauterine environment 
promotes cerebral perfusion. Yet, normally, the cerebral vascular 
impedance is higher in the fetus compared with the placental vas-
cular impedance. In fetal growth restriction, commonly associated 
with reduced pO2 in the umbilical vein (UV), volume blood flow 
(Q) to the placenta is reduced5-9 and placental vascular impedance 
is increased.10 An increase in the middle cerebral artery (MCA) 
time-averaged maximum velocities11 and a decrease in carotid ar-
tery resistance index (RI) or pulsatility index (PI) in association with 
hypoxia, hypercapnia and acidosis have been demonstrated in 
human fetuses by cordocentesis.12,13 Direct invasive measurement 
of Q to the human fetal brain or upper body and placenta or lower 
body cannot be performed due to technical and ethical constraints. 
Noninvasive measurements are perceived to be difficult and prone to 
inaccuracy, although technically shown to be possible.9,14 Therefore, 
the ratios between surrogate indices of cerebral and placental vas-
cular impedances, such as CPR or UCR, rather than the Q have been 
used clinically to evaluate the degree of “brain sparing” in human 
fetuses. However, these indices do not necessarily reflect cerebral 
or placental perfusion, and the ratios may be abnormal even when 
both umbilical artery (UA) and MCA impedances expressed as their 
PIs are within the normal range.15 Use of Q-based ratios, ie Q-CPR 
or Q-UCR, could potentially provide more direct information about 
relative distribution of fetal cardiac output to the placenta and brain. 
However, references values for such indices are lacking and their 
clinical utility has not been explored.
Thus, our objective was to determine the development pattern 
of Q-CPR and Q-UCR during the second half of pregnancy, construct 
reference intervals, and evaluate the associations and differences 
between flow-based and impedance-based indices of fetal brain 
sparing.
2  | MATERIAL AND METHODS
This was part of a longitudinal cohort study of maternal and fetal 
hemodynamics in the second half of pregnancy. In this article, we re-
port normative data on Q-based indices of fetal brain sparing. Data 
on PI-based CPR and UCR from the same study population that have 
been partly used in a previous report16 are used here for compari-
son with Q-based ratios. In future, we plan to report Doppler veloc-
ity indices of superior vena cava (SVC), SVC volume blood flow, and 
proportionate distribution of fetal cardiac output to the brain/upper 
body and placenta from this study population. Women with low-risk 
singleton pregnancies attending for their routine second trimester 
ultrasound screening at 18-20 weeks at the University Hospital of 
North Norway, Tromsø, were invited to participate in the study and 
were enrolled during the period of February 2009 to December 2012 
after obtaining written informed consent. Gestational age was con-
firmed by the measurement of biparietal diameter or head circumfer-
ence. Inclusion criteria were: woman’s age ≥18 years and gestational 
age ≥18 and <24 weeks at enrollment. Exclusion criteria were: history 
of any significant current or preexisting chronic maternal illness that 
is likely to have an adverse effect on the course and outcome of preg-
nancy, such as previous preeclampsia, chronic hypertension, diabetes 
Conclusions: Indices of fetal brain sparing based on placental and cerebral volume 
blood flow differ from those calculated from UA and MCA PIs. They correlated poorly 
with conventional CPR and UCR, indicating that they may provide additional/differ-
ent physiological information. Reference values of Q-CPR and Q-UCR established 
here can be useful to investigate their clinical value further.
K E Y W O R D S
brain sparing, cerebroplacental ratio, Doppler, fetal cerebral blood flow, fetus, placental blood 
flow, superior vena cava, umbilical vein, volume blood flow
Key message
Cerebral and placental volume blood flow (Q)-based indi-
ces of fetal brain sparing (Q-CPR and Q-UCR) may provide 
complementary physiological information on fetal circu-
latory distribution in addition to that obtained from con-
ventional pulsatility-based cerebroplacental ratio (CPR) or 
umbilico-cerebral ratio (UCR).
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mellitus, antiphospholipid antibody syndrome, and detection of any 
major fetal structural or chromosomal abnormality.
The participants were evaluated at approximately 4-weekly inter-
vals during 20-41 weeks of gestation. At each study visit, an ultrasound 
examination was performed by an experienced physician using a Vivid 
7 Dimension ultrasound system (GE Vingmed Ultrasound AS, Horten, 
Norway) equipped with a 4MS sector transducer with frequencies 
of 1.5-4.3 MHz. A total of three obstetricians with at least 3 years of 
scanning experience performed fetal ultrasonography. After confirm-
ing fetal viability, blood flow velocity waveforms were obtained using 
pulsed-wave Doppler from the UA and umbilical vein (UV) at a free 
floating loop of the umbilical cord, from the MCA at its proximal end 
close to its origin from the circle of Willis, and from the SVC close to 
its entrance to the right atrium just behind the ascending aorta as pre-
viously described.17-20 The Doppler insonation angle was kept close to 
zero and always below 30 degrees. Angle correction was used when 
the angle was not zero. The Doppler gate was adjusted liberally to en-
sure sampling of the maximum velocities from a relatively large area of 
the vessel depending on its size and gestational age of the fetus. Blood 
flow velocity waveforms were recorded approximately over six cardiac 
cycles. Temporal maximum blood velocity waveforms were traced au-
tomatically using the software available in the ultrasound machine. The 
UA and MCA velocities were measured, and their PIs were calculated 
as: PI = (peak systolic velocity – end-diastolic velocity)/time-averaged 
maximum velocity (TAMxV) over a cardiac cycle. The average value of 
three to six consecutive cardiac cycles was recorded.
The inner diameters of the UV and SVC were measured using 
two-dimensional ultrasonography in an insonation perpendicular to 
the vessel. The UV was measured at a free-floating loop of the umbil-
ical cord and the SVC was measured at its inlet to the right atrium in a 
long axis view. The largest diameter during cardiac cycle was measured 
in a magnified image and an average of three measurements was re-
corded. Volume blood flow (Q) was calculated as the product of mean 
spatial velocity and cross-sectional area (CSA) of the respective blood 
vessels. CSA, cm2 = 3.14*(vessel diameter, cm/2)2. Umbilical vein vol-
ume blood flow (QUV) that represents placental blood flow was cal-
culated as: QUV, ml/min = 0.5 * UV TAMxV, cm/s * UV CSA, cm * 60 
assuming a parabolic spatial velocity profile of the UV blood flow.18
The SVC volume blood flow (QSVC) that represents the cerebral 
blood flow was calculated as: QSVC, ml/min = 0.7 * SVC TAMxV, cm/s 
* SVC CSA, cm * 60 assuming a blunted spatial velocity profile of 
the SVC blood flow.20 The reproducibility of Quv was previously re-
ported.18 The reproducibility of QSVC was assessed using 413 paired 
measurements to calculate the intraobserver coefficient of variation 
(CV) and intraclass correlation coefficient (ICC).
Volume blood flow-based cerebroplacental ratio (Q-CPR) was 
calculated as Q-CPR = QSVC/QUV. The flow-based umbilicocerebral 
ratio (Q-UCR) was calculated as QUV/QSVC.
Impedance-based CPR was calculated as CPR = PIMCA/PIUA. The 
impedance-based UCR was calculated as PIUA/PIMCA.
The course of pregnancy was followed prospectively and com-
plications arising during the antenatal period were recorded and 
managed according to local guidelines. The outcome of pregnancy 
including information on the mode of delivery, gestational age at 
birth and condition of the neonate was obtained from the electronic 
medical records.
2.1 | Statistical analyses
Sample size was calculated assuming that 15 measurements per 
gestational week (a total of 300 pregnancies/fetuses), would be 
adequate to construct gestational age-specific reference intervals 
covering a period between 20 and 40 weeks, using a cross-sectional 
design.21 The corresponding number of pregnancies required to es-
tablish reference ranges using a longitudinal design was calculated to 
be 300/2.3 (130 fetuses), where 2.3 is the design factor as suggested 
by Royston and Altman.22 Thus, we aimed to recruit approximately 
140 pregnant women in our study to compensate for inability to ob-
tain measurements, possible dropouts and loss of follow-up.
Data were analyzed using IBM SPSS Statistics for Windows, 
Version 24.0. (IBM Corp., Armonk, NY, USA) and MATLAB R2019a 
(Matworks, Inc., Natick, MA, USA). Data distribution was checked 
and logarithmic or power transformations were performed to 
achieve best possible normal distribution using Box-Cox method. 
The Box-Cox transformation lambda values (λ) were calculated for 
each dependent variable and rounded to the nearest integer, which 
was close to zero. Based on this value, all the dependent variables 
were log10-transformed. The best fit for the fractional polynomials 
was chosen from a list of 44 regression models based on R2 value to 
construct gestational age-specific mean curves of the CPR, Q-CPR, 
UCR and Q-UCR. Multilevel modeling was used to calculate the 
mean and percentiles for each gestational week accounting for the 
longitudinal design of the study, considering the variance between 
measurements within the same fetus as the first level and the vari-
ance between participating pregnant women as the second level. 
Association between CPR and Q-CPR and UCR and Q-UCR was 
tested using the mean vector for each variable from the mixed mod-
els. A P value <.05 was considered significant. The agreement be-
tween CPR and Q-CPR and between UCR and Q-UCR was evaluated 
using Bland-Altman analysis, taking into consideration the repeated 
measures design of the study.23
2.2 | Ethics approval
The study was approved by the Regional Committee for Medical and 
Health Research Ethics – North Norway (REK Nord 105/2008, date 
of approval: December 16, 2008) and an informed written consent 
was obtained from each participant.
3  | RESULTS
Of 142 pregnant women enrolled, one woman was excluded be-
cause she was lost to follow-up and no data on delivery and birth 
1720  |     STEFOPOULOU ET aL.
outcome were available. The SVC Doppler was not recorded in seven 
women. Thus, data from a total of 134 pregnancies were included in 
the final statistical analysis. The baseline demographic and clinical 
characteristics of these women and data on their birth outcomes are 
presented in Table 1.
Four (3%) women developed preeclampsia and one developed 
gestational diabetes. Labor was induced in 17 (12.7%), and 116 
women (86.6%) had a spontaneous vaginal delivery. One (0.7%) 
woman had vacuum delivery and 17 (12.7%) were delivered by ce-
sarean section. There were five (3.7%) preterm deliveries, of which 
one was a spontaneous vaginal delivery at 33+3 weeks and another 
was an emergency cesarean section due to placental abruption at 
32+4 weeks of gestation.
All babies were liveborn and there were no perinatal deaths; 
however, five (3.7%) of them required admission to the neonatal 
intensive care unit. The one baby who was delivered due to fetal 
distress associated with placental abruption, had intraventricular 
bleeding leading to hydrocephalus requiring ventriculoperitoneal 
shunting. All other neonates were discharged from the hospital in 
good condition.
For QUV, the intraobserver CV was 13.0% (95% confidence inter-
val [CI 8.0-16.5] and ICC was 0.74 (95% CI 0.42 −0.90) as reported 
previously.18 For QSVC, intraobserver CV was 12.7% (95% CI 11.5-
13.8) and ICC 0.98 (95% CI 0.97-0.98).
Gestational age-specific longitudinal reference values for 
Q-CPR and Q-UCR (based on 471 paired measurements of QSVC 
and QUV) and CPR and UCR (based on 385 paired measurements 
of MCA PI and UA PI) with corresponding 2.5th, 5th, 10th, 50th, 
90th, 95th and 97.5th percentiles are presented in Tables 2-5. The 
number of observations per gestational week, means and stan-
dard deviations (SD) for each of these variables are presented in 
Table 6. The reference charts for the CPR and Q-CPR and UCR 
and Q-UCR with fitted mean and 5th and 95th percentiles with 
corresponding 95% confidence limits are shown side- by-side in 
Figure 1A-D.
The mean for Q-based index of fetal brain sparing, Q-CPR, in-
creased from 0.4 to 0.8, and conversely, the mean for Q-UCR 
decreased from 2.5 to 1.3 during the second half of pregnancy 
(Tables 3 and 5, Figure 1). Conventional impedance-based CPR and 
UCR were significantly associated with gestational age (P < .001), 
with CPR showing an inverted U-shaped development and UCR a 
U-shaped development during 20-40 weeks of gestation (Tables 2 
and 4, Figure 1).
We found no linear correlations between CPR and Q-CPR 
(R = 0.10; P = .051) or UCR and Q-UCR (R = 0.09; P = 0.110), and 
Bland-Altman analysis showed poor agreement between PI-based 
and Q-based indices of fetal brain sparing (Figure 2A-F). Gestational 
age had a considerable impact on the relation between PI- and 
Q-based CPR and UCR (Figure 2B,E).
4  | DISCUSSION
Here we introduce blood flow-based indices, Q-CPR and Q-UCR, as 
an addition to the already existing PI-based CPR and UCR for the 
clinical assessment of fetal brain sparing, and provide gestational 
age-specific longitudinal reference ranges (Tables 3 and 5). We show 
that the flow ratios of SVC and UV are not directly correlated to the 
conventional PI-based CPR or UCR (Figure 2) and therefore may pro-
vide additional physiological information. One might argue that this 
lack of correlation could be due to the fact that the QSVC represents 
venous return not only from the fetal brain, but also the upper body. 
However, serial measurements showed that Q-CPR and Q-UCR de-
veloped differently during pregnancy compared with PI-based CPR 
and UCR.
The conventional CPR and UCR are indices based on blood ve-
locity waveforms that are composite reflections of downstream 
cerebral and placental vascular impedances. These ratios have 
been used as a surrogate for relative blood flow distribution, since 
flow is dependent on impedance, but their relation is not linear 
Variable n
Median (range), mean 
(SD) or n (%)
Maternal age (years) 134 30 (19-39)
Maternal weight at booking (kg) 128 67 (11.58)
Maternal height (cm) 131 167 (0.05)
Body mass index (kg/cm2) 128 23.90 (3.80)
Nullipara 134 61 (45.5%)
Gestational age at birth (days) 134 281 (234-297)
Birthweight of the neonate (g) 134 3600 (2251-4636)
Length of the neonate (cm) 130 50 (44-55)
Ponderal index of the neonate 130 28.1 (2.5)
Sex of the neonate (boy/girl) 134 74 (55%)/60 (45%)
Apgar score <7 at 1 min 134 6 (2.2%)
Apgar score < 7 at 5 min 134 2 (1.4%)
Placental weight (g) 128 621 (124.3)
TA B L E  1   Baseline characteristics of 
the study participants and their birth 
outcomes
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GA (weeks)
Percentile
2.5th 5th 10th 50th 90th 95th 97.5th
20 0.79 0.85 0.92 1.23 1.64 1.77 1.90
21 0.86 0.92 1.00 1.34 1.79 1.94 2.09
22 0.92 0.99 1.08 1.45 1.95 2.12 2.28
23 0.99 1.06 1.15 1.56 2.10 2.29 2.46
24 1.04 1.13 1.23 1.66 2.25 2.46 2.65
25 1.10 1.19 1.29 1.76 2.40 2.62 2.83
26 1.15 1.24 1.36 1.85 2.54 2.77 2.99
27 1.19 1.29 1.41 1.94 2.66 2.92 3.15
28 1.23 1.33 1.46 2.01 2.78 3.04 3.30
29 1.26 1.36 1.50 2.07 2.88 3.16 3.42
30 1.28 1.39 1.52 2.12 2.96 3.25 3.53
31 1.29 1.40 1.54 2.16 3.02 3.32 3.61
32 1.29 1.41 1.55 2.18 3.06 3.37 3.67
33 1.29 1.40 1.55 2.18 3.09 3.40 3.70
34 1.27 1.39 1.53 2.17 3.09 3.41 3.71
35 1.25 1.36 1.51 2.15 3.06 3.39 3.70
36 1.22 1.33 1.47 2.11 3.02 3.35 3.65
37 1.18 1.29 1.43 2.06 2.96 3.28 3.59
38 1.13 1.24 1.38 1.99 2.88 3.19 3.50
39 1.08 1.19 1.32 1.92 2.78 3.09 3.39
40 1.03 1.13 1.25 1.83 2.67 2.97 3.25
TA B L E  2   Percentiles of impedance-
based cerebroplacental ratio (CPR) at 
20-40 weeks of gestational age (GA)
GA (weeks)
Percentile
2.5th 5th 10th 50th 90th 95th 97.5th
20 0.16 0.19 0.22 0.40 0.73 0.86 0.99
21 0.16 0.19 0.22 0.40 0.73 0.87 1.01
22 0.16 0.19 0.22 0.41 0.74 0.88 1.02
23 0.16 0.19 0.23 0.41 0.76 0.90 1.04
24 0.17 0.19 0.23 0.42 0.77 0.92 1.06
25 0.17 0.20 0.23 0.43 0.79 0.94 1.09
26 0.17 0.20 0.24 0.44 0.81 0.96 1.12
27 0.17 0.20 0.24 0.45 0.83 0.99 1.15
28 0.18 0.21 0.25 0.46 0.85 1.02 1.19
29 0.18 0.21 0.25 0.47 0.88 1.05 1.23
30 0.19 0.22 0.26 0.49 0.91 1.09 1.28
31 0.19 0.22 0.27 0.50 0.95 1.14 1.33
32 0.20 0.23 0.27 0.52 0.99 1.18 1.39
33 0.20 0.24 0.28 0.54 1.03 1.24 1.45
34 0.21 0.25 0.29 0.56 1.08 1.30 1.52
35 0.22 0.26 0.31 0.59 1.13 1.36 1.60
36 0.23 0.27 0.32 0.62 1.19 1.43 1.68
37 0.24 0.28 0.33 0.65 1.25 1.51 1.78
38 0.25 0.29 0.35 0.68 1.33 1.60 1.88
39 0.26 0.31 0.37 0.72 1.40 1.70 2.00
40 0.27 0.32 0.39 0.76 1.49 1.81 2.13
TA B L E  3   Percentiles of volume blood 
flow-based cerebroplacental ratio (Q-CPR) 
at 20-40 weeks of gestational age (GA)
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GA (weeks)
Percentile
2.5th 5th 10th 50th 90th 95th 97.5th
20 0.53 0.56 0.61 0.81 1.09 1.18 1.26
21 0.48 0.51 0.56 0.75 1.00 1.09 1.17
22 0.44 0.47 0.51 0.69 0.93 1.01 1.08
23 0.41 0.44 0.47 0.64 0.87 0.94 1.02
24 0.38 0.41 0.44 0.60 0.82 0.89 0.96
25 0.35 0.38 0.42 0.57 0.77 0.84 0.91
26 0.33 0.36 0.39 0.54 0.74 0.81 0.87
27 0.32 0.34 0.37 0.51 0.71 0.77 0.84
28 0.30 0.33 0.36 0.50 0.69 0.75 0.81
29 0.29 0.32 0.35 0.48 0.67 0.73 0.79
30 0.28 0.31 0.34 0.47 0.66 0.72 0.78
31 0.28 0.30 0.33 0.46 0.65 0.71 0.77
32 0.27 0.30 0.33 0.46 0.64 0.71 0.77
33 0.27 0.29 0.32 0.46 0.65 0.71 0.78
34 0.27 0.29 0.32 0.46 0.65 0.72 0.78
35 0.27 0.29 0.33 0.46 0.66 0.73 0.80
36 0.27 0.30 0.33 0.47 0.68 0.75 0.82
37 0.28 0.30 0.34 0.49 0.70 0.78 0.85
38 0.29 0.31 0.35 0.50 0.73 0.81 0.88
39 0.30 0.32 0.36 0.52 0.76 0.84 0.93
40 0.31 0.34 0.38 0.55 0.80 0.89 0.98
TA B L E  4   Percentiles of impedance-
based umbilicocerebral ratio (UCR) at 
20-40 weeks of gestational age (GA)
GA (weeks)
Percentile
2.5th 5th 10th 50th 90th 95th 97.5th
20 1.01 1.17 1.38 2.49 4.50 5.31 6.15
21 0.99 1.15 1.36 2.47 4.48 5.30 6.14
22 0.98 1.13 1.34 2.45 4.45 5.28 6.12
23 0.96 1.11 1.32 2.42 4.42 5.24 6.08
24 0.94 1.09 1.30 2.38 4.37 5.19 6.02
25 0.92 1.07 1.27 2.34 4.31 5.12 5.95
26 0.89 1.04 1.24 2.29 4.24 5.05 5.87
27 0.87 1.01 1.20 2.24 4.16 4.96 5.77
28 0.84 0.98 1.17 2.18 4.07 4.86 5.66
29 0.81 0.95 1.13 2.12 3.97 4.75 5.54
30 0.78 0.91 1.09 2.06 3.87 4.63 5.41
31 0.75 0.88 1.05 1.99 3.76 4.50 5.26
32 0.72 0.84 1.01 1.92 3.64 4.36 5.11
33 0.69 0.81 0.97 1.85 3.52 4.22 4.95
34 0.66 0.77 0.93 1.77 3.39 4.07 4.78
35 0.63 0.74 0.88 1.70 3.26 3.92 4.60
36 0.59 0.70 0.84 1.62 3.12 3.76 4.42
37 0.56 0.66 0.80 1.54 2.99 3.60 4.24
38 0.53 0.63 0.75 1.47 2.85 3.44 4.05
39 0.50 0.59 0.71 1.39 2.71 3.27 3.86
40 0.47 0.55 0.67 1.31 2.57 3.11 3.67
TA B L E  5   Percentiles of volume 
blood flow-based umbilicocerebral ratio 
(Q-UCR) at 20-40 weeks of gestational 
age (GA)
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(Figure 2) and has been shown to be logarithmic at best.10 With 
gestation, differential organ growth, nutritional demands, vascu-
lar growth, endocrine regulation and placental capacity develop 
differently, which is reflected in increasing blood pressure and the 
relative changes of impedance and blood flow that support this 
development. This is particularly well demonstrated in the relation 
between CPR and Q-CRP (or UCR and Q-UCR) in Figure 2(B,E), 
where their relation is profoundly impacted by advancing gesta-
tional age. Therefore, the measurement of cerebral and placental 
blood flows, as done in this study, can be expected to provide ad-
ditional and different information on the distributional perfusion 
compared with the conventional PI-based CPR alone. We believe 
that both the PI-based and Q-based indices of fetal brain sparing 
have their merits, as they are likely to provide complementary in-
formation, that is, if the technical challenges of measuring Q can 
be controlled.
Under physiological conditions, cerebral blood flow is relatively 
stable. Autoregulation occurs over a range of blood pressures24 and 
is regulated mainly by pO2 levels.
25,26 Relatively low oxygen tension 
and higher pCO2 of the fetal blood facilitates cerebral blood flow 
by reducing cerebral vascular impedance.27 However, the cerebral 
vascular impedance is normally higher than the placental vascular or 
peripheral vascular impedance, which is reflected in higher MCA or 
carotid artery PI than UA PI or descending aorta PI. Clinically, fetal 
brain sparing is diagnosed when this normal relation between cere-
bral and placental vascular impedances is reversed.
Previous studies have calculated CPR using either the ratio be-
tween carotid artery PI and descending aorta PI13 carotid artery RI 
and UA RI,12 MCA RI and UA RI28 or MCA PI and UA PI.19,29,30 An 
inverse ratio, UCR, has also been suggested.31,32 However, the su-
periority of one ratio over another has not been proven. We provide 
longitudinal reference values for both Q-CPR and Q-UCR alongside 
the reference values for CPR and UCR that could be used for serial 
monitoring.
Blood flow-based indices, Q-CPR or Q-UCR, could theoretically 
better reflect cerebral perfusion by providing more physiological 
F I G U R E  1   Gestational age-specific reference intervals for (A) pulsatility index (PI)-based cerebroplacental ratio (CPR), (B) volume blood 
flow (Q)-based cerebroplacental ratio (Q-CPR), (C) PI-based umbilicocerebral ratio (UCR) and (D) Q-based umbilicocerebral ratio (Q-UCR) 
from 20-40 weeks. The dotted black lines represent the 95% confidence intervals for the 5th, 50th and 95th percentiles [Color figure can be 
viewed at wileyonlinelibrary.com]
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information and might be more accurate in diagnosing fetal brain 
sparing. Furthermore, as the impedance-based and blood flow-based 
indices of brain sparing did not correlate with each other, measuring 
both could provide complementary information to improve and re-
fine the diagnostic ability of Doppler ultrasonography.
Several studies have reported the utility of PI-based CPR and 
UCR in predicting pregnancy outcomes,15,31-33 although their ability 
to identify fetuses at risk of adverse perinatal outcome and prevent-
ing perinatal death has not been confirmed.34,35 The present lon-
gitudinal reference values for Q-based indices, Q-CPR and Q-UCR, 
which reflect directly the distribution of blood flow to the fetal brain 
and placenta, merit clinical evaluation and comparison with the cur-
rent use of CRP and UCR in the serial monitoring of fetal circulatory 
adaptation in risk pregnancies.
Major strengths of our study are its physiological foundation, its 
prospective longitudinal design and sufficiently large sample size, 
which allowed the construction of reference intervals with ade-
quate precision. However, technical difficulties, the level of exper-
tise required and the possibility of errors associated with blood flow 
measurements could be considered limitations to the clinical use of 
Q-CPR or Q-UCR. Measurement of UV diameter and QUV has been 
experimentally validated36,37 but no such validation has been done 
for QSVC. Although several sources of error have been described,
38 
errors in Q measurement mainly result from the inaccuracies in 
measurement of vessel diameter, from which the CSA is generally 
computed, as squaring the diameter in the formula used to calculate 
the CSA, squares the error as well. Accuracy of diameter measure-
ment depends on the spatial resolution of the ultrasound system. 
F I G U R E  2   Correlation between pulsatility index (PI)-based cerebroplacental ratio (CPR) and volume blood flow (Q)-based 
cerebroplacental ratio (Q-CPR) presented as a scatter plot of individual measurements with a linear regression line (solid line) and 
corresponding 95% confidence intervals (dotted lines) (A) and as a plot of their corresponding mean values, with the colors dark blue to 
yellow signifying gestational age increasing from 20 to 40 weeks (B), and Bland-Altman plot of CPR/Q-CPR vs mean of CPR and Q-CPR (C). 
Corresponding graphs are presented for the inverse parameters, PI-based umbilico-cerebral ratio (UCR) and flow-based Q-UCR (D-F) [Color 
figure can be viewed at wileyonlinelibrary.com]
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A typical ultrasound transducer with a frequency of 5 MHz has an 
axial resolution of 0.3 mm, and for vessels with a diameter of 10 mm, 
5 mm or 3 mm, the associated error in the calculation of CSA and 
resulting Q can be expected to be approximately 6%, 12% and 20%, 
respectively.39
On the other hand, the physiological information provided by 
Q-based indices regarding the relative distribution of fetal cardiac 
output could be important to consider when making crucial man-
agement decisions. Technical challenges could be overcome by ad-
equate training in ultrasonography to acquire appropriate skills in 
venous blood flow measurement technique. By meticulously adher-
ing to a standardized methodology (eg insonation techniques and 
repeat measurements), volume flow measurements have been re-
produced across operators, ultrasound equipments, and sites. If this 
is not done, differences may be substantial.
When using impedance-based references, a fixed CPR cut-off 
value has been suggested to diagnose brain sparing,15 which may be 
less appropriate considering that these indices change significantly 
with gestational age.19,28-30 Although Q-CPR and Q-UCR seem to 
vary less with gestation, we recommended the use of gestational 
age-specific reference ranges to utilize fully the diagnostic potential 
of these indices.
5  | CONCLUSION
Indices of fetal brain sparing based on placental and cerebral vol-
ume blood flow (Q-CPR and Q-UCR) are different from those based 
on UA and MCA PIs, and we have established their longitudinal ref-
erences ranges for the second half of pregnancy. They represent a 
more direct assessment of blood flow distribution to the placenta 
and fetal brain, whereas the ratios between MCA and UA PI, which 
are based on blood velocity waveforms, basically reflect down-
stream impedance. These two types of ratios, reflecting volume flow 
and impedance, respectively, could be complementary and deserve 
clinical testing to clarify their merit in obstetric care.
ACKNOWLEDG MENTS
We thank Bodil Hvingel and Norbert Szunyogh for their help with 
ultrasonography, and Åse Vårtun for her help with the recruitment 
of the study participants.
CONFLIC T OF INTERE S T
None.
ORCID
Tom Wilsgaard  https://orcid.org/0000-0002-2709-9472 
Ganesh Acharya  https://orcid.org/0000-0002-1997-3107 
R E FE R E N C E S
 1. Cohn HE, Sacks EJ, Heymann MA, Rudolph AM. Cardiovascular 
responses to hypoxemia and acidemia in fetal lambs. Am J Obstet 
Gynecol. 1974;120:817-824.
 2. Jensen HM, Kunzel W. Dynamic changes in organ blood flow and 
oxygen consumption during acute asphyxia in fetal sheep. J Dev 
Physiol. 1987;9:543-559.
 3. Jensen A, Berger R. Fetal circulatory responses to oxygen lack. J 
Dev Physiol. 1991;16:181-207.
 4. Kamitomo M, Alonso JG, Okai T, Longo LD, Gilbert RD. Effects of 
long-term, high-altitude hypoxemia on ovine fetal cardiac output 
and blood flow distribution. Am J Obstet Gynecol. 1993;169:701-707.
 5. Gill RW, Kossoff G, Warren PS, Garrett WJ. Umbilical venous 
flow in normal and complicated pregnancy. Ultrasound Med Biol. 
1984;10:349-363.
 6. Jouppila P, Kirkinen P. Umbilical vein blood flow as an indicator of 
fetal hypoxia. Br J Obstet Gynaecol. 1984;91:107-110.
 7. Barbera A, Galan HL, Ferrazzi E, et al. Relationships of umbilical 
vein blood flow to growth parameters in the human fetus. Am J 
Obstet Gynecol. 1999;181:174-179.
 8. Boito S, Struijk PC, Ursem NT, Stijnen T, Wladimiroff J. Umbilical 
venous volume flow in the normally developing and growth-re-
stricted fetus. Ultrasound Obstet Gynecol. 2002;19:344-349.
 9. Kiserud T, Ebbing C, Kessler J, Rasmussen S. Fetal cardiac output, 
distribution to the placenta and impact of placental compromise. 
Ultrasound Obstet Gynecol. 2006;28:126-136.
 10. Trudinger BJ, Stevens D, Connelly A, et al. Umbilical artery flow 
velocity waveforms and placental resistance: The effects of 
embolization of the umbilical circulation. Am J Obstet Gynecol. 
1987;157(6):1443–1448.
 11. Vyas S, Nicolaides KH, Bower S, Campbell S. Middle cerebral artery 
flow velocity waveforms in fetal hypoxaemia. Br J Obstet Gynaecol. 
1990;97:797-803.
 12. Bonnin P, Guyot B, Bailliart O, Benard C, Blot P, Martineaud JP. 
Relationship between umbilical and fetal cerebral blood flow veloc-
ity waveforms and umbilical venous blood gases. Ultrasound Obstet 
Gynecol. 1992;2:18-22.
 13. Bilardo CM, Nicolaides KH, Campbell S. Doppler measurements of 
fetal and uteroplacental circulations: relationship with umbilical ve-
nous blood gases measured at cordocentesis. Am J Obstet Gynecol. 
1990;162:115-120.
 14. Vimpeli T, Huhtala H, Wilsgaard T, Acharya G. Fetal aortic isth-
mus blood flow and the fraction of cardiac output distributed to 
the upper body and brain at 11–20 weeks of gestation. Ultrasound 
Obstet Gynecol. 2009;33:538-544.
 15. Gramellini D, Folli MC, Raboni S, Vadora E, Merialdi A. Cerebral-
umbilical Doppler ratio as a predictor of adverse perinatal outcome. 
Obstet Gynecol. 1992;79:416-420.
 16. Acharya G, Ebbing C, Karlsen HO, Kiserud T, Rasmussen S. Sex-
specific reference ranges of cerebroplacental and umbilicocere-
bral ratios: A longitudinal study. Ultrasound Obstet Gynecol. 2019. 
https://doi.org/10.1002/uog.21870
 17. Acharya G, Wilsgaard T, Berntsen GK, Maltau JM, Kiserud T. 
Reference ranges for serial measurements of umbilical artery 
Doppler indices in the second half of pregnancy. Am J Obstet 
Gynecol. 2005;192:937-944.
 18. Flo K, Wilsgaard T, Acharya G. Agreement between umbilical vein 
volume blood flow measurements obtained at the intra-abdomi-
nal portion and free loop of the umbilical cord. Ultrasound Obstet 
Gynecol. 2009;34:171-176.
 19. Ebbing C, Rasmussen S, Kiserud T. Middle cerebral artery blood 
flow velocities and pulsatility index and the cerebroplacental pulsa-
tility ratio: longitudinal reference ranges and terms for serial mea-
surements. Ultrasound Obstet Gynecol. 2007;30:287-296.
 20. Nyberg MK, Johnsen SL, Rasmussen S, Kiserud T. Blood flow in the 
foetal superior vena cava and the effect of breathing movements. 
Early Hum Dev. 2012;88:165-170.
 21. Altman DG, Chitty LS. Charts of fetal size. 1. Methodology. Br J 
Obstet Gynaecol. 1994;101:29–34.
     |  1727STEFOPOULOU ET aL.
 22. Royston P, Altman DG. Design and analysis of longitudinal studies 
of fetal size. Ultrasound Obstet Gynecol. 1995;6:307-313.
 23. Bland JM, Altman DG. Agreement between methods of measure-
ment with multiple observations per individual. J Pharmaceutical 
Stat. 2007;17:571-582.
 24. Papile L, Rudoplph AM, Heymann MA. Autoregulation of cerebral 
blood flow in the preterm fetal lamb. Pediatr Res. 1985;19:159-161.
 25. Peeters LL, Sheldon RE, Jones MD Jr, Makowski EL, Meschia G. 
Blood flow to fetal organs as a function of arterial oxygen content. 
Am J Obstet Gynecol. 1979;135:637-646.
 26. Arbeille P, Maulik D, Fignon A, et al. Assessment of the fetal PO2 
changes by cerebral and umbilical Doppler on lamb fetuses during 
acute hypoxia. Ultrasound Med Biol. 1995;21:861-870.
 27. Lucas W, Kirschbaum T, Assali NS. Cephalic circulation and oxygen 
consumption before and after birth. Am J Physiol. 1966;210:287-292.
 28. Kurmanavicius J, Florio I, Wisser J, et al. Reference resistance indices 
of the umbilical, fetal middle cerebral and uterine arteries at 24–42 
weeks of gestation. Ultrasound Obstet Gynecol. 1997;10:112-120.
 29. Baschat AA, Gembruch U. The cerebroplacental Doppler ratio re-
visited. Ultrasound Obstet Gynecol. 2003;21:124-127.
 30. Ciobanu A, Wright A, Syngelaki A, Wright D, Akolekar R, Nicolaides 
KH. Fetal Medicine Foundation reference ranges for umbilical ar-
tery and middle cerebral artery pulsatility index and cerebroplacen-
tal ratio. Ultrasound Obstet Gynecol. 2019;53:465-472.
 31. Hecher K, Spernol R, Stettner H, Szalay S. Potential for diagnosing 
imminent risk to appropriate- and small-for-gestational-age fetuses 
by Doppler sonographic examination of umbilical and cerebral arte-
rial blood flow. Ultrasound Obstet Gynecol. 1992;2:266-271.
 32. Stampalija T, Arabin B, Wolf H, Bilardo CM, Lees C. TRUFFLE inves-
tigators. Is middle cerebral artery Doppler related to neonatal and 
2-year infant outcome in early fetal growth restriction? Am J Obstet 
Gynecol. 2017;216:pp. 521, e1–521.e13.
 33. Khalil AA, Morales-Rosello J, Morlando M, et al. Is fetal cerebro-
placental ratio an independent predictor of intrapartum fetal 
compromise and neonatal unit admission? Am J Obstet Gynecol. 
2015;213:54.e1-54.e10.
 34. Vollgraff Heidweiller-Schreurs CA, De Boer MA, Heymans MW, et al. 
Prognostic accuracy of cerebroplacental ratio and middle cerebral 
artery Doppler for adverse perinatal outcome: systematic review 
and meta-analysis. Ultrasound Obstet Gynecol. 2018;51:313-322.
 35. Conde-Agudelo A, Villar J, Kennedy SH, Papageorghiou AT. 
Predictive accuracy of cerebroplacental ratio for adverse perina-
tal and neurodevelopmental outcomes in suspected fetal growth 
restriction: systematic review and meta-analysis. Ultrasound Obstet 
Gynecol. 2018;52:430-441.
 36. Kiserud T, Rasmussen S. How repeat measurements affect the mean 
diameter of the umbilical vein and the ductus venosus. Ultrasound 
Obstet Gynecol. 1998;11:419-425.
 37. Galan HL, Jozwik M, Rigano S, et al. Umbilical vein blood flow de-
termination in the ovine fetus: Comparison of Doppler ultrasono-
graphic and steady-state diffusion techniques. Am J Obstet Gynecol. 
1999;181:1149-1153.
 38. Gill RW. Measurement of blood flow by ultrasound: accuracy and 
sources of error. Ultrasound Med Biol. 1985;11:625-641.
 39. Hoskins PR. Measurement of arterial blood flow by Doppler ultra-
sound. Clin Phys Physiol Meas. 1990;11:1-26.
How to cite this article: Stefopoulou M, Johnson J, Wilsgaard 
T, et al. Volume blood flow-based indices of fetal brain sparing 
in the second half of pregnancy: A longitudinal study. Acta 
Obstet Gynecol Scand. 2020;99:1717–1727. https://doi.
org/10.1111/aogs.13950
